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PATENT APPLICATION 
ATTORNEY DOCKET NO. ZCO-100 

THERMOPLASTIC POWDER MATERIAL SYSTEM FOR APPEARANCE 
MODELS FROM 3D PRINTING SYSTEMS 

Related Applications 
[0001] This application claims the benefit of U.S. Provisional Application 
60/472,221 filed May 21, 2003, the entire disclosure of which is hereby incorporated by 
reference. 

Field of the Invention 
[0002] This invention relates generally to rapid prototyping techniques and, more 
particularly, to a three-dimensional printing material and method using thermoplastic 
particulate mixtures. 

Background 

[0003] The field of rapid prototyping involves the production of prototype articles 
and small quantities of functional parts, as well as structural ceramics and ceramic shell 
molds for metal casting, directly from computer-generated design data. 

[0004] Two well-known methods for rapid prototyping include a selective laser 
sintering process and a liquid binder three-dimensional printing process. These 
techniques are similar to the extent that they both use layering techniques to build three- 
dimensional articles. Both methods form successive thin cross-sections of the desired 
article. The individual cross-sections are formed by bonding together adjacent grains of 
a granular material on a generally planar surface of a bed of the granular material. Each 
layer is bonded to a previously formed layer to form the desired three-dimensional 
article at the same time as the grains of each layer are bonded together. The laser- 
sintering and liquid binder techniques are advantageous, because they create parts 
directly from computer-generated design data and can produce parts having complex 
geometries. Moreover, three-dimensional printing can be quicker and less expensive 
than machining of prototype parts or production of cast or molded parts by conventional 
"hard" or "soft" tooling techniques, that can take from a few weeks to several months, 
depending on the complexity of the item. 
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[0005] Three-dimensional printing has been used to make ceramic molds for 
investment casting, to produce fully functional cast metal parts. Additional uses are 
contemplated for three-dimensional printing. For example, three-dimensional printing 
may be useful in design-related fields for visualization, demonstration, and mechanical 
prototyping. It may also be useful for making patterns for molding processes. Three- 
dimensional printing techniques may be further useful, for example, in the fields of 
medicine and dentistry, where expected outcomes may be modeled prior to performing 
procedures. Other businesses that may benefit from rapid prototyping technology 
include architectural firms, as well as others in which visualization of a design is useful. 

[0006] A selective laser sintering process is described in U.S. Pat. No. 4,863,568, 
incorporated herein by reference in its entirety. The selective laser sintering process has 
been commercialized by DTM Corporation. The selective laser sintering process 
involves spreading a thin layer of powder onto a flat surface. The powder is spread 
using a tool developed for use with the selective laser sintering process, known in the art 
as a counter-rolling mechanism or counter-roller. Using the counter-roller allows thin 
layers of material to be spread relatively evenly, without disturbing previous layers. 
After the layer of powder is spread onto the surface, a laser is used to direct laser energy 
onto the powder in a predetermined two-dimensional pattern. The laser sinters or fuses 
the powder together in the areas impinged upon by the laser beam energy. The powder 
may be plastic, metal, polymer, ceramic or a composite. Successive layers of powder 
are spread over previous layers using the counter-roller, followed by sintering or fusing 
with the laser. The process is essentially thermal, requiring delivery by the laser of a 
sufficient amount of energy to sinter the powder together, and to previous layers, to form 
the final article. 

[0007] An early three-dimensional printing technique, described in U.S. Pat. No. 
5,204,055, incorporated herein by reference in its entirety, describes the use of an ink-jet 
style printing head to deliver a liquid or colloidal binder material to sequentially applied 
layers of powdered material. The three-dimensional ink-jet printing technique or liquid 
binder method involves applying a layer of a powdered material to a surface using a 
counter-roller. After the powdered material is applied to the surface, the ink-jet 
printhead delivers a liquid binder in a predetermined pattern to the layer of powder. The 
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binder infiltrates into gaps in the powder material and hardens to bond the powder 
material into a solidified layer. The hardened binder also bonds each layer to the 
previous layer. After the first cross-sectional portion is formed, the previous steps are 
repeated, building successive cross-sectional portions until the final article is formed. 
Optionally, an adhesive can be suspended in a carrier that evaporates, leaving the 
hardened adhesive behind. The powdered material may be ceramic, metal, plastic or a 
composite material, and may also include fibers. The liquid binder material may be 
organic or inorganic. Typical organic binder materials used are polymeric resins or 
ceramic precursors, such as polycarbosilazane. Inorganic binders are used where the 
binder is incorporated into the final articles; silica is typically used in such an 
application. 

[0008] One advantage of using an ink-jet print head, rather than a laser, is that a 
plurality of spray nozzles used to deliver binder to the powder may be arranged side-by- 
side in a single print head. In selective laser sintering machines, only one laser is 
conventionally used to deliver energy to the powder. The combination of several spray 
nozzles increases the speed of liquid binder printing in comparison to laser-sintering, by 
allowing a larger area to be printed at one time. In addition, liquid binder printing 
equipment is much less expensive than the laser equipment, due to the high cost of the 
laser and the high cost of the related beam deflection optics and controls. 

[0009] The powders, especially metallic powders, presently used in both selective 
laser sintering and liquid binder techniques present safety issues that may render them 
undesirable for use in an office environment. These safety issues may require special 
clothing and processing facilities to prevent, for example, skin contact or inhalation of 
toxic materials. In addition, more expense may be incurred through complying with 
regulations for the disposal of toxic materials. For these reasons, these techniques do 
not lend themselves to being used in typical office environments, such as architectural 
and design firms, or doctor's offices. 

[0010] Another three-dimensional printing technique, described in U.S. Pat. Nos. 
5,902,441 and 6,416,850, both references incorporated herein by reference in their 
entirety, utilizes a powder mixture containing a filler and an activatable adhesive in 
conjunction with an aqueous fluid that activates the adhesive to bind the filler. The fluid 



3 



is applied by an ink-jet printhead. The filler and adhesive may each include non-toxic 
materials such as, for example, water-soluble polymers, carbohydrates, sugars, sugar 
alcohols, proteins, and some inorganic compounds. 

[0011] There exists a need in the art for a materials system and method that 
enables the quick, reliable, safe, and inexpensive fabrication of appearance models and 
small batches of functional parts in an office environment. Such appearance models and 
parts need to have good-quality surfaces, to be accurately defined, and to be strong 
without being brittle. Furthermore, some kinds of models need specific mechanical 
properties such as flexibility for snap-fits or impact toughness. 

Summary 

[0012] The present invention is directed to a materials system and method that 
satisfies the need for a quick, reliable, safe, and inexpensive method for producing both 
appearance models and small numbers of functional parts in an office environment. The 
materials system includes thermoplastic particulate material, allowing the fabrication of 
appearance models and functional parts that are accurately defined, are strong and tough 
without being brittle, and have smooth surface finishes with, optionally, thin walls. 
Thermoplastic materials are used very widely for engineering and consumer products. 
These materials, therefore, are particularly attractive for prototyping, because they are 
typically also used in the final manufacturing method. 

[0013] In an aspect, the invention features a powder adapted for three- 
dimensional printing. The powder includes a blend of a thermoplastic particulate 
material, and an adhesive particulate material, with the adhesive particulate material 
being adapted to bond the thermoplastic particulate material when a fluid activates the 
adhesive particulate material. 

[0014] One or more of the following features may be included. The fluid may be 
aqueous, non-aqueous, and/or non-halogenated. The adhesive particulate material may 
include the thermoplastic particulate material, so that the thermoplastic particulate 
material is at least sparingly soluble and adhesive in the activating fluid and is adapted to 
bond together when the fluid activates the thermoplastic particulate material by at least 
partially dissolving the thermoplastic particulate material, the thermoplastic particulate 
material including at least one of the following materials: polymethylmethacrylate, 
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polysulfone, polyethersulfone, polyphenylsulfone, polyacrylonitrile, poly(acrylonitrile- 
butadiene-styrene), polyamides, polycondensates of urea-formaldehyde, polystyrene; 
polyolefin, polyvinyl butyral, polycarbonate, polyvinyl chloride, polyethylene 
terephthalate, ethyl cellulose, hydroxyethyl cellulose, hydroxypropyl cellulose, methyl 
cellulose, cellulose acetate, hydroxypropylmethyl cellulose, hydroxybutylmethyl 
cellulose, hydroxyethylmethyl cellulose, ethylhydroxyethyl cellulose, cellulose xanthate, 
and combinations and copolymers thereof. 

[0015] The fluid that activates the thermoplastic particulate material may be 
adapted to be solidifiable by exposure to at least one of ultraviolet light, visible light, 
heat, and an electron beam. The thermoplastic particulate material may include particles 
having a mean particle diameter of about 10 micrometers to about 100 micrometers. 

[0016] The thermoplastic particulate material may include at least one of acetal 
polyoxymethylene, polylactide, polyethylene, polypropylene, ethylene vinyl acetate, 
polyphenylene ether, ethylene-acrylic acid copolymer, polyether block amide, 
polyvinylidene fluoride, polyetherketone, polybutylene terephthalate, polyethylene 
terephthalate, polycyclohexylenemethylene terephthalate, polyphenylene sulfide, 
polythalamide, polymethylmethacrylate, polysulfone, polyethersulfone, 
polyphenylsulfone, polyacrylonitrile, poly(acrylonitrile-butadiene-styrene), polyamide, 
polycondensates of urea-formaldehyde, polystyrene, polyolefin, polyvinyl butyral, 
polycarbonate, polyvinyl chlorides, polyethylene terephthalate, ethyl cellulose, 
hydroxyethyl cellulose, hydroxypropyl cellulose, methyl cellulose, cellulose acetate, 
hydroxypropylmethyl cellulose, hydroxybutylmethyl cellulose, hydroxyethylmethyl 
cellulose, ethylhydroxyethyl cellulose, cellulose xanthate, and combinations and 
copolymers thereof. 

[0017] The adhesive particulate material may include particles having a mean 
particle diameter of about 10 micrometers to about 100 micrometers. 

[0018] The adhesive particulate material may include a resin, such as a water- 
soluble resins or an alkaline-reducible resin, and the fluid may activate the adhesive 
particulate material by dissolving the adhesive particulate material. The resin may 
include at least one of the following materials: polyvinyl alcohol, sulfonated polyester 
polymer, sulfonated polystyrene, octylacrylamide/acrylate/ butylaminoethyl 
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methacrylate copolymer, acrylates/octylacrylamide copolymer, polyacrylic acid, 
polyvinyl pyrrolidone, styrenated polyacrylic acid, polyethylene oxide, sodium 
polyacrylate, sodium polyacrylate copolymer with maleic acid, polyvinyl pyrrolidone 
copolymer with vinyl acetate, butylated polyvinylpyrrolidone, polyvinyl alcohol-co- 
vinyl acetate, starch, modified starch, cationic starch, pregelatinized starch, 
pregelatinized modified starch, pregelatinized cationic starch, and combinations and 
copolymers thereof. 

[0019] The adhesive may include an inorganic adhesive, such as at least one of 
plaster, bentonite, precipitated sodium silicate, amorphous precipitated silica, amorphous 
precipitated calcium silicate, amorphous precipitated magnesium silicate, amorphous 
precipitated lithium silicate, salt, portland cement, magnesium phosphate cement, 
magnesium oxychloride cement, magnesium oxysulfate cement, zinc phosphate cement, 
zinc oxide - eugenol cement, aluminum hydroxide, magnesium hydroxide, calcium 
phosphate, sand, wollastonite, dolomite, amorphous precipitated silicates containing at 
least two types of ions selected from the group of sodium ions, lithium ions, magnesium 
ions, and calcium ions, and combinations thereof 

[0020] The powder may include a filler material, and the filler material may 
include particles having a mean particle diameter of about 5 micrometers to about 100 
micrometers. The filler material may include an inorganic material, such as aluminum 
oxide, soda-lime glass, borosilicate glass, silica, aluminosilicate ceramic, limestone, 
plaster, bentonite, precipitated sodium silicate, amorphous precipitated silica, amorphous 
precipitated calcium silicate, amorphous precipitated magnesium silicate, amorphous 
precipitated lithium silicate, salt, portland cement, magnesium phosphate cement, 
magnesium oxychloride cement, magnesium oxysulfate cement, zinc phosphate cement, 
zinc oxide - eugenol cement, aluminum hydroxide, magnesium hydroxide, calcium 
phosphate, sand, wollastonite, dolomite, amorphous precipitated silicates containing at 
least two type of ions selected from the group of sodium ions, lithium ions, magnesium 
ions, and calcium ions, and combinations thereof. 

[0021] The filler material may include an organic material. The organic material 
may include a carbohydrate, such as starch, modified starch, cellulose, maltodextrin, 
acacia gum, locust bean gum, pregelatinized starch, acid-modified starch, hydrolyzed 
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starch, sodium carboxymethylecellulose, sodium alginate, hydroxypropyl cellulose, 
methyl cellulose, chitosan, carrageenan, pectin, agar, gellan gum, gum Arabic, xanthan 
gum, propylene glycol alginate, guar gum, and combinations thereof. The organic 
material may include a protein, such as gelatin, rabbit-skin glue, soy protein, and 
combinations thereof. 

[0022] The powder may include a processing aid material, such as a viscous 
liquid and/or a polymer having a low melting point. The processing aid material may 
include at least one of the following materials: polyethylene glycol, polypropylene 
glycol, sorbitan monolaurate, sorbitan monooleate, sorbitan trioleate, polysorbate, poly 
(ethylene oxide) modified silicone, poly (propylene oxide) modified silicone, secondary 
ethoxylated alcohols, ethoxylated nonylphenols, ethoxylated octylphenols, Cg - Cio 
alcohols, C8- Cio acids, polyethylene oxide modified acetyl enic diols, citronellol, 
ethoxylated silicones, ethylene glycol octanoate, ethylene glycol decanoate, ethoxylated 
derivatives of 2,4,7,9-tetramethyl-5-decyne-4,7-diol, polyoxyethylene sorbitan mono- 
oleate, polyethylene glycol, soybean oil, mineral oil, fluroalkyl polyoxyethylene 
polymers, glycerol triacetate, oleyl alcohol, oleic acid, squalene, squalane, essential oils, 
esters, terpenes, greases, or waxes, propylene glycol, ethylene glycol, Cg - Cio esters of 
mono, di, or triglycerides, fatty acids, ethoxylated fatty acids, lecithin, modified 
lecithins, glycerol tributyrate, sodium stearoyl lactylate, diacetyl tartaric esters of mono- 
and di-glycerides, corn syrup, and combinations thereof. 

[0023] The powder may include a reinforcing fiber. The reinforcing fiber may 
include at least one of the following materials: natural polymers, modified natural 
polymers, synthetic polymers, ceramic, cellulose fiber, silicon carbide fiber, graphite 
fiber, aluminosilicate fiber, polypropylene fiber, fiberglass, polyamide flock, cellulose, 
rayon, polyvinylalcohol, and combinations thereof. 

[0024] The powder may include approximately 50 - 100% thermoplastic 
particulate material, 0 - 20% filler material, 0 - 30% adhesive particulate material, and 0 
- 2% processing aid material. 

[0025] In another aspect, the invention features a fluid for three-dimensional 
printing, the fluid including a first solvent having a first boiling point. The fluid is 
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adapted to activate an adhesive in a powder comprising a blend of a thermoplastic 
particulate material and an adhesive particulate material. 

[0026] One or more of the following features may be included. The fluid may be 
adapted to activate the adhesive by dissolving the adhesive particulate material. The 
first solvent may include one or more of the following materials: ethanol, isopropanol, 
n-propanol, methanol, n-butanol, a glycol, an ester, a glycol-ether, a ketone, an aromatic, 
an aliphatic, an aprotic polar solvent, a terpene, an acrylate, a methacrylate, a vinylether, 
an oxetane, an epoxy, a low molecular weight polymer, carbonate, n-methylpyrrolidone, 
acetone, methyl ethyl ketone, dibasic esters, ethyl acetate, dimethyl sulfoxide, dimethyl 
succinate, and combinations thereof. 

[0027] The fluid may include a second solvent having a second boiling point. 
The second boiling point may be higher than the first boiling point, and/or the second 
solvent may be water-miscible. The second solvent may include one or more of the 
following materials: butyrolactone, glycerol carbonate, propylene carbonate, ethylene 
carbonate, dimethyl succinate, dimethyl sulfoxide, n-methyl pyrrolidone, glycerol, 1,4 
butane diol, polyethylene glycol, diethylene glycol butyl ether, ethylene glycol, 
diethylene glycol, propylene glycol, polypropylene glycol, polyethylene glycol ethers, 
polypropylene glycol ethers, tetraethyleneglycol ethers, butylene carbonate, pentanediol, 
hexanediol, and combinations thereof. 

[0028] The fluid may include water. The first solvent may be water-miscible. 
The second solvent may be water-miscible. The second solvent may have a second 
boiling point that is higher than the first boiling point. 

[0029] The fluid may include a surfactant. The surfactant may include at least 
one of the following materials: polyethylene oxide modified acetylenic diols, secondary 
ethoxylated alcohols, ethoxylated nonylphenols, ethoxylated silicones, ethoxylated 
fluorinated surfactants, ethoxylated tetramethyldecynediol, ethoxylated 
tetramethyldodecynediol, polyethermodified polysiloxanes, ethoxylated sorbitan 
monolaurate, octyl phenoxypolyethoxy-polypropoxy-propanol, sulfonated fatty acids, 
zwitterionic betaines, sodium di-octyl sulfosuccinate, dimethyl dodecylammoniopropane 
sulfonate, sodium lauryl sulfate, sodium lauryl benzene sulfonate, sodium p-toluene 



8 



sulfonate, sodium benzoate, sodium benzene sulfonate, potassium sorbate, sodium 2- 
ethylhexyl sulfonate, and combinations thereof. 

[0030] The fluid may include a rheology modifier. The rheology modifier may 
include at least one of the following materials: polyvinylpyrrolidone, polyacrylamide, 
polyethylene oxide, hydrophobe modified ethoxy urethanes, polyvinyl alcohol, 
polyacrylic acid, polymethacrylic acid, alkali and ammonium salts of polyacrylic acid, 
alkali and ammonium salts of polymethacrylic acid, polyvinylpyrrolidone-co-vinyl 
acetate, butylated polyvinylpyrrolidone, polyvinylalcohol-co-vinyl acetate, and 
polyacrylic acid-co-maleic anhydride, sulfonated polystyrene, and combinations and 
copolymers thereof. 

[0031] The fluid may include an amine. The amine may include at least one of 
the following materials: monoisopropanol amine, triethylamine, 2-amino-2-methyl-l- 
propanol, l-amino-2-propanol, 2-dimethylamino-2-methyl-l-propanol, N,N- 
diethylethanolamine, N-methyldiethanolamine, N,N-dimethylethanolamine, 
triethanolamine, 2-aminoethanol, l-[bis[3-(dimethylamino)propyl]amino]-2-propanol, 3- 
amino-1 -propanol, 2-(2-aminoethylamino)ethanol, tris(hydroxymethyl)aminomethane, 
2-amino-2-ethyl-l ,3 -propanediol, 2-amino-2 -methyl- 1 ,3-propanediol, diethanolamine, 
1, 3 -bis(dimethylamino)-2 -propanol, ammonium hydroxide, monoethanolamine, 
aminomethylpropanol, aminoethylethanolamine, triisopropanolamine, 
polyoxypropylenetriamine, polyethyleneimine, and combinations thereof. 

[0032] In another aspect, the invention features a fluid for three-dimensional 
printing, the fluid including a solvent. The fluid is adapted to activate the adhesive 
properties of at least a sparingly soluble thermoplastic particulate material. 

[0033] One or more of the following features may be included. The fluid may be 
non-aqueous, and it may be non-halogenated. The solvent may include at least one of 
the following materials: an alcohol, a glycol, an ester, a glycol-ether, a ketone, an 
aromatic, an aliphatic, an aprotic polar solvent, a terpene, an acrylate, a methacrylate, a 
vinylether, an oxetane, an epoxy, a low molecular weight polymer, carbonate, and 
combinations thereof. 

[0034] The alcohol may include at least one of the following materials: 
methanol, ethanol, n-propanol, i-propanol, n-butanol and combinations thereof. The 
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glycol may include at least one of the following materials: ethylene glycol, diethylene 
glycol, propylene glycol, polyethyleneglycol, 1,4-butanediol, pentanediol, hexanediol, 
and combinations thereof. 

[0035] The ester may include at least one of the following materials: ethyl 
acetate, propyleneglycol methylether acetate, amyl acetate, dimethylsuccinate, dimethyl 
glutarate, dimethyl adipate, diethylene glycol monobutyl ether acetate, n-propyl acetate, 
i-propyl acetate, i-butyl acetate, n-butyl acetate, t-butyl acetate, 2-ethylhexyl acetate, 
ethylene glycol diacetate, diethyl succinate, methyl lactate, ethyl lactate, dimethyl 
tartrate, diethyl tartrate and combinations thereof. The glycol-ether may include at least 
one of the following materials: dipropylene glycol methyl ether, diethylene glycol butyl 
ether, diethylene glycol monoethyl ether, propylene glycol methyl ether, ethylene glycol 
propyl ether and combinations thereof. 

[0036] The ketone may include at least one of the following materials: acetone, 
methylethylketone, methylisobutylketone, methyl isopropyl ketone, methyl n-propyl 
ketone, methyl isoamyl ketone, methyl n-amyl ketone, diisobutyl ketone and 
combinations thereof. The aromatic may include at least one of the following materials: 
toluene, xylene, phenol, benzene, styrene, high flash aromatic naptha and combinations 
thereof. 

[0037] The aliphatic may include at least one of the following materials: hexane, 
heptane, cyclohexane and combinations thereof. The aprotic polar solvent may include 
at least one of the following materials: n-methylpyrrolidone, dimethylsulfoxide, 2- 
pyrrolidone, butyrolactone and combinations thereof. The terpene may include 
limonene. 

[0038] The acrylate may include at least one of the following materials: 
alkoxylated difunctional acrylate, 2-phenoxyethyl acrylate, tetrahydrofurfuryl acrylate, 
2(2 ethoxyethoxy)ethyl acrylate, hexanediol diacrylate, propoxylated neopentyl glycol 
diacrylate, lauryl acrylate, isodecyl acrylate, tridecyl acrylate, isobornyl acrylate, 
tripropylene glycol diacrylate, stearyl acrylate, allyl acrylate, isooctylacrylate, 
caprolactone acrylate, alkoxylated tetrahydrofurfuryl acrylate, butanediol diacrylate, 1,3- 
butyleneglycol diacrylate, diethylene glycol diacrylate, polyethylene glycol diacrylate, 
alkoxylated hexanediol diacrylate, alkoxylated cyclohexane dimethanol diacrylate, 
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cyclohexane dimethanol diacrylate, dipropylene glycol diacrylate, ethoxylated bisphenol 
A diacrylate, neopentyl glycol diacrylate, alkoxylated aliphatic diacrylate, 
trimethylpropane triacrylate, tris (2-hydroxy ethyl) isocyanurate triacrylate, ethoxylated 
trimethyl propane triacrylate, propoxylated trimethyl propane triacrylate, propoxylated 
glyceryl triacrylate, pentaerythritol tetraacrylate, pentaerythritol triacrylate, di- 
trimethylpropane tetraacrylate, dipentaerythritol pentaacrylate, ethoxylated 
pentaerythritol tetraacrylate, alkoxylated nonyl phenol acrylate, and combinations 
thereof. 

[0039] The methacrylate may include at least one of the following materials: 2- 
phenoxyethyl methacrylate, tetrahydrofurfuryl methacrylate, hexanediol dimethacrylate, 
lauryl methacrylate, isodecyl methacrylate, tridecyl methacrylate, isobornyl 
methacrylate, propylene glycol monomethacrylate, stearyl methacrylate, allyl 
methacrylate, isooctylmethacrylate, butanediol dimethacrylate, 1,3-butyleneglycol 
dimethacrylate, ethylene glycol dimethacrylate, diethylene glycol dimethacrylate, 
triethylene glycol dimethacrylate, tetraethylene glycol dimethacrylate, polyethylene 
glycol dimethacrylate, cyclohexane dimethanol dimethacrylate, dipropylene glycol 
dimethacrylate, ethoxylated bisphenol A dimethacrylate, neopentyl glycol 
dimethacrylate, trimethylpropane trimethacrylate, methoxy polyethylene glycol 
methacrylate, alkoxylated nonyl phenol methacrylate, ethoxylated hydroxyethyl 
methacrylate, allyl methacrylate, propoxylated allyl methacrylate, and combinations 
thereof. 

[0040] The vinyl ether may include at least one of the following materials: 
hydroxylbutyl vinyl ether, triethyleneglycol divinylether, cyclohexanedimethanol 
divinylether, propenylether of propylene carbonate, dodecylvinylether, 
cyclohexanemethanol monovinylether, cyclohexyl vinyl ether, diethyleneglycol 
divinylether, 2-ethylhexylvinylether, dipropyleneglycol divinylether, tripropyleneglycol 
divinyl ether, hexanediol divinyl ether, octadecylvinylether, butanediol divinyl ether, 
bis[4-(vinyloxy)butyl] isophthalate, bis[4-(vinyloxy)butyl] adipate, and combinations 
thereof. 

[0041] The oxetane may include at least one of the following materials: 3-ethyl- 
3-hydroxymethyl-oxetane, l,4-bis[(3-ethyl-3-oxetanyl methoxy)methyl]benzene, and 
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combinations thereof. The epoxy may include at least one of the following materials: 
3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexane carboxylate, bis-(3 ,4- 
epoxycyclohexyl) adipate, limonene monoxide, 1,2-epoxyhexadecane, and combinations 
thereof. The low molecular weight polymer may include polyethyleneimine. The 
carbonate may include ethylene carbonate, propylene carbonate, butylene carbonate, 
glycerol carbonate, and combinations thereof. 

[0042] The fluid may include water and the solvent may include a second solvent 
having a second boiling point. The second solvent may include at least one of the 
following materials: butyrolactone, glycerol carbonate, propylene carbonate, ethylene 
carbonate, dimethyl succinate, dimethyl sulfoxide, n-methyl pyrrolidone, glycerol, 1,4 
butane diol, polyethylene glycol, diethylene glycol butyl ether, ethylene glycol, 
diethylene glycol, propylene glycol, polypropylene glycol, polyethylene glycol ethers, 
polypropylene glycol ethers, tetraethyleneglycol ethers, butylene carbonate, pentanediol, 
hexanediol, and combinations thereof. 

[0043] The fluid may include a surfactant. The surfactant may include at least 
one of the following materials: polyethylene oxide modified acetylenic diols, secondary 
ethoxylated alcohols, ethoxylated nonylphenols, ethoxylated silicones, ethoxylated 
fluorinated surfactants, tetramethyldecynediol, ethoxylated tetramethyldecynediol, 
ethoxylated tetramethyldodecynediol, polyethermodified polysiloxanes, ethoxylated 
sorbitan monolaurate, octylphenoxypolyethoxy-polypropoxy-propanol, sulfonated fatty 
acids, zwitterionic betaines, sodium di-octyl sulfosuccinate, dimethyl 
dodecylammoniopropane sulfonate, sodium lauryl sulfate, sodium lauryl benzene 
sulfonate, sodium p-toluene sulfonate, sodium benzoate, sodium benzene sulfonate, 
potassium sorbate, sodium 2-ethylhexyl sulfonate, and combinations thereof. 

[0044] The fluid may include a rheology modifier. The rheology modifier may 
include at least one of the following materials: polyvinylpyrrolidone, polyacrylamide, 
polyethylene oxide, hydrophobe modified ethoxy urethanes, polyvinyl alcohol, 
polyacrylic acid, polymethacrylic acid, alkali and ammonium salts of polyacrylic acid, 
alkali and ammonium salts of polymethacrylic acid, polyvinylpyrrolidone-co-vinyl 
acetate, butylated polyvinylpyrrolidone, polyvinylalcohol-co-vinyl acetate, and 
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polyacrylic acid-co-maleic anhydride, sulfonated polystyrene, and combinations and 
copolymers thereof. 

[0045] The fluid may also include a first solvent having a first boiling point, the 
first boiling point is lower than the second boiling point. The first solvent may include 
at least one of the following materals: ethanol, isopropanol, n-propanol, methanol, n- 
butanol, a glycol, an ester, a glycol-ether, a ketone, an aromatic, an aliphatic, an aprotic 
polar solvent, a terpene, an acrylate, a methacrylate, a vinylether, an oxetane, an epoxy, 
a low molecular weight polymer, carbonate, acetone, ethyl acetate, dimethyl succinate, 
and combinations thereof. 

[0046] The fluid may include an amine. The amine may include at least one of 
the following materials: monoisopropanol amine, triethylamine, 2-amino-2-methyl-l- 
propanol, l-amino-2-propanol, 2-dimethylamino-2-methyl-l-propanol, N,N- 
diethylethanolamine, N-methyldiethanolamine, N,N-dimethylethanolamine, 
triethanolamine, 2-aminoethanol, l-[bis[3-(dimethylamino)propyl]amino]-2-propanol, 3- 
amino- 1 -propanol, 2-(2-aminoethylamino)ethanol, tris(hydroxymethyl)aminomethane, 
2-amino-2-ethyl- 1,3 -propanediol, 2-amino-2-methyl- 1,3 -propanediol, diethanolamine, 
l,3-bis(dimethylamino)-2-propanol, ammonium hydroxide, monoethanolamine, 
aminomethylpropanol, aminoethylethanolamine, triisopropanolamine, 
polyoxypropylenetriamine, polyethyleneimine, and combinations thereof. 

[0047] In another aspect, the invention features a fluid for three-dimensional 
printing, the fluid including water and an amine, and the fluid is adapted to activate the 
adhesive properties of at least a sparingly soluble alkaline-reducible particulate material. 

[0048] One or more of the following features may be included. The amine may 
include at least one of the following materials: monoisopropanol amine, triethylamine, 
2-amino-2-methyl- 1 -propanol, 1 -amino-2-propanol, 2-dimethylamino-2-methyl- 1 - 
propanol, N,N-diethylethanolamine, N-methyldiethanolamine, N,N- 
dimethylethanolamine, triethanolamine, 2-aminoethanol, l-[bis[3- 
(dimethylamino)propyl]amino]-2-propanol, 3 -amino- 1 -propanol, 2-(2- 
aminoethylamino)ethanol, tris(hydroxymethyl)aminomethane, 2-amino-2-ethyl-l ,3^ 
propanediol, 2-amino-2-methyl- 1,3 -propanediol, diethanolamine, 1,3- 
bis(dimethylamino)-2-propanol, ammonium hydroxide, monoethanolamine, 
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aminomethylpropanol, aminoethylethanolamine, triisopropanolamine, 
polyoxypropylenetriamine, polyethyleneimine, and combinations thereof. 

[0049] The fluid may include a first solvent having a first boiling point. The first 
solvent may include at least one of the following materials: ethanol, isopropanol, n- 
propanol, methanol, n-butanol, a glycol, an ester, a glycol-ether, a ketone, an aromatic, 
an aliphatic, an aprotic polar solvent, a terpene, an acrylate, a methacrylate, a vinylether, 
an oxetane, an epoxy, a low molecular weight polymer, carbonate, acetone, ethyl 
acetate, dimethyl succinate, and combinations thereof. 

[0050] The fluid may include a second solvent having a second boiling point, 
with the second boiling point is higher than the first boiling point. The second solvent 
may include at least one of the following materials: butyrolactone, glycerol carbonate, 
propylene carbonate, ethylene carbonate, dimethyl succinate, dimethyl sulfoxide, n- 
methyl pyrrolidone, glycerol, 1,4 butane diol, polyethylene glycol, diethylene glycol 
butyl ether, ethylene glycol, diethylene glycol, propylene glycol, polypropylene glycol, 
polyethylene glycol ethers polypropylene glycol ethers, tetraethyleneglycol ethers, 
butylene carbonate, pentanediol, hexanediol, and combinations thereof. 

[0051] The fluid may include a surfactant. The surfactant may include at least 
one of the following materials: polyethylene oxide modified acetylenic diols, secondary 
ethoxylated alcohols, ethoxylated nonylphenols, ethoxylated silicones, ethoxylated 
fluorinated surfactants, tetramethyldecynediol, ethoxylated tetramethyldecynediol, 
ethoxylated tetramethyldodecynediol, polyethermodified polysiloxanes, ethoxylated 
fluorocarbons, ethoxylated sorbitan monolaurate, octyl phenoxypolyethoxy- 
polypropoxy-propanol, sulfonated fatty acids, zwitterionic betaines, sodium di-octyl 
sulfosuccinate, dimethyl dodecylammoniopropane sulfonate, sodium lauryl sulfate, 
sodium lauryl benzene sulfonate, sodium p-toluene sulfonate, sodium benzoate, sodium 
benzene sulfonate, potassium sorbate, sodium 2-ethylhexyl sulfonate, and combinations 
thereof. 

[0052] The fluid may include a rheology modifier. The rheology modifier may 
include at least one of the following materials: polyvinylpyrrolidone, polyacrylamide, 
polyethylene oxide, hydrophobe modified ethoxy urethanes, polyvinyl alcohol, 
polyacrylic acid, polymethacrylic acid, alkali and ammonium salts of polyacrylic acid, 
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alkali and ammonium salts of polymethacrylic acid, polyvinylpyrrolidone-co-vinyl 
acetate, butylated polyvinylpyrrolidone, polyvinylalcohol-co-vinyl acetate, and 
polyacrylic acid-co-maleic anhydride, sulfonated polystyrene, and combinations and 
copolymers thereof. 

[0053] In another aspect, the invention features a method for forming an article 
by three-dimensional printing. The method includes the steps of: providing a plurality 
of adjacent particles having a mean diameter of about 10 micrometers to about 100 
micrometers, the particles including a blend of a thermoplastic particulate material and 
an adhesive particulate material; and applying to the plurality of particles a fluid, within 
which the adhesive particulate material is at least partially soluble and the thermoplastic 
particulate material is substantially inert, the fluid activating the adhesive particulate 
material from a substantially inert state, in an amount sufficient to bond the plurality of 
particles together to define a substantially solid, singular article. 

[0054] The following features may be included. The article may be heated to at 
least partially sinter the thermoplastic particulate material. 

[0055] In another aspect, the invention features a method for forming an article 
by three-dimensional printing. The method includes the steps of: providing a plurality 
of adjacent particles having a mean diameter of about 10 micrometers to about 100 
micrometers, the particles including a blend of a thermoplastic particulate material and 
an adhesive particulate material; and applying to the plurality of particles a fluid, within 
which the adhesive particulate material is at least partially soluble and the thermoplastic 
particulate material is substantially inert, the fluid dissolving the adhesive particulate 
material, in an amount sufficient to bond the plurality of particles together to define a 
substantially solid, singular article. 

[0056] The following feature may be included. The article may be heated to at 
least partially sinter the thermoplastic particulate material. 

[0057] In another aspect, the invention features a method for forming an article 
by three-dimensional printing. The method includes the steps of applying, to a first 
portion of a first film of particles that includes a plurality of thermoplastic particles and 
an activatable adhesive, an aqueous fluid that activates the adhesive in an amount 
sufficient to form an essentially solid, singular article of adhered particles. A second 
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film of the particles is formed on the first film. The aqueous fluid is applied to a first 
portion of the second film of particles in an amount sufficient to activate the adhesive to 
the extent that the particles within the first portion of the second film adhere to each 
other and to at least a portion of the first portion of the first film to form an essentially 
solid, singular article from the first portion of the first film and the first portion of the 
second film. 

[0058] One or more of the following features may be included. The article may 
be heated to at least partially sinter the thermoplastic particulate material. 

[0059] In another aspect, the invention features a method for forming an article 
by three-dimensional printing. The method includes the steps of: applying, to a first 
portion of a first film of particles that includes a plurality of thermoplastic particles, a 
non-aqueous fluid that activates the surface of the thermoplastic particles in an amount 
sufficient to form an essentially solid, singular article of adhered particles. A second 
film of the particles is formed on the first film. The non-aqueous fluid is applied, to a 
first portion of the second film of particles, in an amount sufficient to activate the 
surface of the thermoplastic particles to the extent that the particles within the first 
portion of the second film adhere to each other and to at least a portion of the first 
portion of the first film to form an essentially solid, singular article from the first portion 
of the first film and the first portion of the second film. At least one of an ultraviolet 
light, visible light, heat, and an electron beam is applied to the printed layer to induce the 
non-aqueous fluid to solidify. 

[0060] In another aspect, the invention features an article including a product of: 
a powder, the powder including (i) a thermoplastic particulate material, and (ii) an 
adhesive particulate material, and a fluid that activates the adhesive particulate material 
to form a substantially solid article composed of the powder, the adhesive particulate 
material being substantially soluble in the fluid. The article includes a plurality of 
adjacent layers formed by the product, each layer having a contour defining an edge, and 
a final shape of the article being defined by respective edges of the layers. 

[0061] One or more of the following features may be included. The powder may 
include a filler material and/or a processing aid material. The article may include an 
infiltrant. The infiltrant may include at least one of the following materials: epoxy- 
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amine systems, free radical UV cure acrylate systems, cationic UV cure epoxy systems, 
two-part urethane systems including isocyanate-polyol and isocyanate-amine, 
cyanoacrylate, and combinations thereof. 

[0062] These and other features, aspects and advantages of the present invention 
will become better understood with reference to the following description and appended 
claims. 

Brief Description of the Drawings 

[0063] The following drawings are not necessarily to scale, emphasis instead 
being placed generally upon illustrating the principles of the invention. The foregoing 
and other features and advantages of the present invention, as well as the invention 
itself, will be more fully understood from the following description of exemplary and 
preferred embodiments, when read together with the accompanying drawings, in which: 

[0064] Figure 1 is a schematic view of a first layer of a mixture of particulate 
material of an embodiment of the invention deposited onto a downwardly movable 
surface of a container on which an article is to be built, before any fluid has been 
delivered; 

[0065] Figure 2 is a schematic view of an ink-jet nozzle delivering a fluid to a 
portion of the layer of particulate material of Figure 1 in a predetermined pattern; 

[0066] Figure 3 is a schematic view of a final article of an embodiment of the 
invention enclosed in the container, the article made by a series of steps illustrated in 
Figure 2 and still immersed in the loose unactivated particles; and 

[0067] Figure 4 is a schematic view of the final article of Figure 3. 

Detailed Description 
[0068] The present invention relates to a three-dimensional printing material 
system including^ mixture of particles of thermoplastic particulate filler material and an 
adhesive particulate material, and optionally an additional filler material, a processing 
aid a reinforcing fiber, and/or a stabilizing fiber; and a fluid adapted to bind the 
thermoplastic particulate filler material to form an essentially solid article when the fluid 
activates the adhesive particulate material. The fluid may be aqueous or non-aqueous. 
As used herein, "aqueous fluid " means a fluid that contains preferably 25% or more 
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water, more preferably 40% or more water, and most preferably 50% or more water. As 
used herein, "non-aqueous fluid" means a fluid that contains less than 25% water by 
weight, more preferably less than 10% by weight, and most preferably less than 1% 
water by weight. If the fluid is non-aqueous, it may include non-halogenated solvents. 
The present invention also relates to a method of use for such a materials system, and to 
an article made by the method of the invention. The article of the invention may be 
formed with excellent accuracy and an exceptional surface finish. 

[0069] As used herein, "thermoplastic particulate material" is meant to define a 
filler component that is bonded when the adhesive particulate material is activated by a 
fluid, the component including a material that may be repeatedly softened by heating 
and hardened again on cooling. "Adhesive" is meant to define a component that forms a 
mechanical bridge between components of a network, such as particles, that were 
separate prior to activation by a fluid, e.g., the thermoplastic particulate material. The 
formation of the mechanical bridge results in the formation of a solid structure. The 
adhesive may be a water-soluble resin, and the fluid may activate the adhesive by 
dissolving the resin. "Resin" is meant to define a material that is a linear or branched 
chain of organic chemical subunits with a minimum molecular weight of 500 grams per 
mole. In some embodiments, the adhesive includes the thermoplastic material itself. 
"Filler" is meant to define a component that is solid prior to application of the activating 
fluid, which is substantially less soluble in the fluid than the adhesive, and which gives 
structural integrity to the final article. Fillers in addition to the thermoplastic material 
may be used, such as various inorganic or organic materials. "Bond" is meant to define 
the building of a mechanical bridge between separate particles to form a network. 

[0070] The particulate mixture may include a reinforcing fiber or a reinforcing 
fibrous component, added to provide structural reinforcement to the final article. As 
used herein, "fiber" or "fibrous component" is meant to define a component that is solid 
prior to application of the activating fluid, which may be advantageously, but not 
necessarily, insoluble in the fluid. The fiber or fibrous component may be added to 
increase the final article strength. In some embodiments, a stabilizing fiber may be 
added to the filler to provide dimensional stability to the final article to control the 
migration of liquid through the bulk powder, and to increase slightly the article strength. 
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[0071] A fiber is a solid component whose primary grains have an average length 
that is at least 3-4 times longer than their average cross-sectional dimensions. Such 
materials are very common in industry. For the purposes of three-dimensional printing, 
fibers are generally useful in a restricted size range, i.e., approximately the thickness of 
spread layers of powder and smaller. 

[0072] In some embodiments, a processing aid compound, such as a viscous 
liquid that serves as a printing aid, may be added to the particulate mixture to prevent or 
minimize distortions in printing. The processing aid prevents fine particles of the 
mixture from becoming airborne while the liquid is dispensed from the printhead, which 
could distort the printed article from the desired configuration. 

[0073] Referring to Figure 1, in accordance with a printing method using the 
materials system of the present invention, a layer or film of particulate material 20 is 
applied on a linearly movable surface 22 of a container 24. The layer or film of 
particulate material 20 may be formed in any suitable manner, for example using a 
counter-roller. The particulate material 20 applied to the surface includes a 
thermoplastic particulate filler material and an adhesive particulate material. The 
particulate material 20 may also include an additional filler material, a processing aid 
material, and/or a fibrous material. 

[0074] Referring to Figure 2, an ink-jet style nozzle 28 delivers an activating fluid 
26 to at least a portion 30 of the layer or film of the particulate mixture 20 in a two- 
dimensional pattern. According to the printing method, the fluid 26 is delivered to the 
layer or film of particulate material 20 in any predetermined two-dimensional pattern 
(circular, in the figures, for purposes of illustration only), using any convenient 
mechanism, such as a drop-on-demand (DOD) printhead driven by software in 
accordance with article model data from a computer-assisted-design (CAD) system. 

[0075] The first portion 30 of the particulate mixture is activated by the fluid 26, 
causing the activated particles to adhere together to form an essentially solid circular 
layer that becomes a cross-sectional portion of a final article 38 (see, e.g., Figures 3 and 
4). As used herein, "activates" is meant to define a change in state from essentially inert 
to adhesive. This definition encompasses the activation of the adhesive particulate 
material to bond the thermoplastic particulate material and/or at least partially dissolving 
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the thermoplastic particulate material. When the fluid initially comes into contact with 
the particulate mixture, it immediately flows outwardly (on the microscopic scale) from 
the point of impact by capillary action, dissolving the adhesive and/or the thermoplastic 
particulate material within a relatively short time period, such as the first few seconds. 
A typical droplet of activating fluid has a volume of about 100 picoliters (pi), and 
spreads to a diameter of about 100 jam after coming into contact with the particulate 
mixture. As the solvent dissolves the adhesive, the fluid viscosity increases 
dramatically, arresting further migration of the fluid from the initial point of impact. 
Within a few minutes, the fluid with adhesive dissolved therein infiltrates the less 
soluble and slightly porous particles, forming adhesive bonds between the thermoplastic 
particulate material as well as between the additional filler and the fiber. The activating 
fluid is capable of bonding together an amount of the particulate mixture that is several 
times the mass of a droplet of the fluid. As volatile components of the fluid evaporate, 
the adhesive bonds harden, joining the thermoplastic particulate material and, optionally, 
additional filler and fiber particulates into a rigid structure, which becomes a cross- 
sectional portion of the finished article 38. 

[0076] Any unactivated particulate mixture 32 that was not exposed to the fluid 
remains loose and free-flowing on the movable surface 22. The unactivated particulate 
mixture is typically left in place until formation of the final article 38 is complete. 
Leaving the unactivated, loose particulate mixture in place ensures that the article 38 is 
fully supported during processing, allowing features such as overhangs, undercuts, and 
cavities to be defined and formed without the need to use supplemental support 
structures. After formation of the first cross-sectional portion of the final article 38, the 
movable surface 22 is indexed downwardly, in this embodiment, and the process is 
repeated. 

[0077] Using, for example, a counter-rolling mechanism, a second film or layer of 
the particulate mixture is then applied over the first layer, covering both the rigid first 
cross-sectional portion, and any proximate loose particulate mixture. A second 
application of fluid follows in the manner described above, dissolving the adhesive and 
forming adhesive bonds between at least a portion of the previous cross-sectional 
formed portion, the thermoplastic particulate material, and, optionally, additional filler 
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and fiber of the second layer, and hardening to form a second rigid cross-sectional 
portion added to the first rigid cross-sectional portion of the final article. The movable 
surface 22 is again indexed downward. 

[0078] The previous steps of applying a layer of particulate mixture, including the 
adhesive, applying the activating fluid, and indexing the movable surface 22 downward 
are repeated until the final article 38 is completed. Referring to Figure 3, the final article 
38 may be any shape, such as cylindrical. At the end of the process, only a top surface 
34 of the final article 38 is visible in the container 24. The final article 38 is typically 
completely immersed in a surrounding bed 36 of unactivated particulate material. 
Alternatively, an article could be formed in layers upward from an immovable platform, 
by successively depositing, smoothing, and printing a series of such layers. 

[0079] Referring to Figure 4, the unactivated particulate material may be removed 
from the final cylindrical article 38 by pressurized air flow or a vacuum. After removal 
of the unactivated particulate material from the final article 38, a post-processing 
treatment may be performed, such as cleaning, infiltration with stabilizing materials, 
painting, etc. A suitable infiltrant for stabilizing the materials may be selected from, for 
example, epoxy-amine systems, free radical UV cure acrylate systems, cationic UV cure 
epoxy systems, two-part urethane systems including isocyanate-polyol and isocyanate- 
amine, cyanoacrylate, and combinations thereof. Post-processing may also include 
heating the article to at least partially sinter the thermoplastic particulate material. 
Sintering may be done, for example, at 1 10 °C for about 45 minutes, depending on the 
constituents in the finished article 38. 

[0080] The method of the present invention is capable of producing features 
having dimensions on the order of about 250 micrometers (|im) or more. The accuracy 
achieved by the method of the present invention is in the range of about ±250 jam. 
Shrinkage of the final article 38 is about 1%, which may easily be factored into the build 
to increase accuracy. The surface finish is of fine quality, having a porosity of -50% 
and a surface roughness of -200 ^m. Final article 38 may have thin walls with 
thicknesses of, for example, ~1 millimeter (mm). 
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Powder constituents 

Thermoplastic particulate filler material 

[0081] Thermoplastic particulate material is a major component of the materials 
system of the invention. This particulate material may include any thermoplastic 
material with a mean particle diameter of about 10 (im to about 100 jam, although sizes 
outside this range are also contemplated. 



[0082] Some examples of suitable thermoplastic powder material are: 


1) 


acetal polyoxymethylene; 


2) 


polylactide; 


3) 


polyethylene; 


4) 


polypropylene; 


5) 


ethylene vinyl acetate; 


6) 


polyphenylene ether; 


7) 


ethylene-acrylic acid copolymer; 


8) 


polyether block amide; 


9) 


polyvinylidene fluoride; 


10) 


polyetherketone; 


11) 


polybutylene terephthalate; 


12) 


polyethylene terephthalate; 


13) 


polycyclohexylenemethylene terephthalate; 






15) 


polythalamide; 


16) 


polymethylmethacrylate; 


17) 


polysulfones; 


18) 


polyethersulfones; 


19) 


polyphenylsulfones; 


20) 


polyacrylonitrile; 


21) 


poly(acrylonitrile-butadiene-styrene); 


22) 


polyamides; 


23) 


polycondensates of urea-formaldehyde; 


24) 


polystyrene; 



22 



25) polyolefin; 

26) polyvinyl butyral; 

27) polycarbonate; 

28) polyvinyl chloride; 

29) polyethylene terephthalate; 

30) cellulosics including ethyl cellulose, hydroxyethyl cellulose, 
hydroxypropyl cellulose, methyl cellulose, cellulose acetate, 
hydroxypropylmethyl cellulose, hydroxybutylmethyl cellulose, 
hydroxyethylmethyl cellulose, ethylhydroxyethyl cellulose, cellulose 
xanthate; and 

combinations and copolymers thereof. 
Adhesive 

[0083] The adhesive particulate material is a compound selected for one or more 
of the characteristics of high solubility in the activating fluid, low solution viscosity, low 
hygroscopicity, and high bonding strength. The adhesive is preferably highly soluble in 
the activating fluid to ensure that it is rapidly and substantially completely incorporated 
into the fluid. The adhesive is milled very finely prior to admixture with the 
thermoplastic particulate filler material and/or the filler particles in order to increase the 
available surface area, enhancing dissolution in the fluid, without being so fine as to 
cause "caking," an undesirable article characteristic in which unactivated powder 
spuriously adheres to the outside surface of the part, resulting in poor surface definition. 
Typical adhesive particle diameters are about 10 |im to about 100 |im. Low 
hygroscopicity of the adhesive avoids absorption of excessive moisture from the air, 
which may also contribute to undesirable caking. 

[0084] In some embodiments, the adhesive of the present invention is water- 
soluble, i.e., the adhesive dissolves in an aqueous fluid. Compounds suitable for use as 
the adhesive of the present invention may be selected from the following non-limiting 
list: water-soluble polymers, alkaline-reducible resin, carbohydrates, sugars, sugar 
alcohols, proteins, and some inorganic compounds. Water-soluble polymers with low 
molecular weights may be preferred in some embodiments because they dissolve more 
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quickly due to smaller molecules diffusing more rapidly in solution. Suitable water- 
soluble resins include: 



1) 


nolwinvl alcohol* 

U/V1J V 111 J 1 UlVvllVl , 


2) 


sulfonated nolvester nolvmer' 


-v 


sulfonated nolvstvrene' 


4) 


octvlacrvl am ide/acrvl ate/hut vlarninoethvl methacrvlate conolvmer* 


5) 


acrvlates/octvlacrvlamide conolvmer* 


w / 


nolvacrvlic acid* 

L/V/l T UVl T llw UWlVl, 


7) 


Dolwinvl Dvrrolidone- 

L^V^IT ▼ 111 T 1 1/ J 1 1 vllUUllV j 


°) 


stvrenated nolvacrvlic acid* 
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Tiolvpthvlftip ovidp* 


IV) 


Qnniiim nnlvjiP'rvljitp*' 

olslllUJ.ll UVJ1 Yuvl y IdlC, 


1 U 


mjuiuiii puiydviyiaic cupuiynicr wiui niaicic aciu, 


iZ) 


polyvinyl pyrroiiaone copolymer wnn vinyi acetate, 




hi ltvl nfpfJ nnl winvlriVTTnliHnnp* anH 

U\AVy IdlC'VJ IJVJl^y VllljljJjrllUllU.VJllC, CUlLl 




nnlwinvl q 1 pnVinl -pn-vin vl apptatp 

IJUl^ Vllljrl dlwUUUl vU-Vllljl dL-CldlC, 


15) 


starch, 


16) 


modified starch, 


17) 


cationic starch, 


18) 


pregelatinized starch, 


1.9) 


pregelatinized modified starch, 


20) 


pregelatinized cationic starch, 



as well as combinations and copolymers thereof. 

[0085] The adhesive may include carbohydrates such as starch, cellulose, 
maltodextrin, acacia gum, locust bean gum, pregelatinized starch, acid-modified starch, 
hydrolyzed starch, sodium carboxymethylcellulose, sodium alginate, hydroxypropyl 
cellulose, chitosan, carrageenan, pectin, agar, gellan gum, gum Arabic, xanthan gum, 
propylene glycol alginate, guar gum, and combinations thereof. Suitable sugars and 
sugar alcohols include sucrose, dextrose, fructose, lactose, polydextrose, sorbitol, 
xylitol, cyclodextrans, and combinations thereof. Organic compounds including organic 
acids may also be used, including citric acid, succinic acid, polyacrylic acidurea, and 
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combinations thereof. Organic compounds may also include proteins such as gelatin, 
rabbit-skin glue, soy protein, and combinations thereof. Inorganic compounds include 
plaster, bentonite, precipitated sodium silicate, amorphous precipitated silica, amorphous 
precipitated calcium silicate, amorphous precipitated magnesium silicate, amorphous 
precipitated lithium silicate, amorphous precipitated silicates containing a combination 
of two or more of sodium ions, lithium ions, magnesium ions, and calcium ions, salt, 
Portland cement, magnesium phosphate cement, magnesium oxychloride cement, 
magnesium oxysulfate cement, zinc phosphate cement, zinc oxide - eugenol cement, 
aluminum hydroxide, magnesium hydroxide, calcium phosphate, sand, wollastonite, 
dolomite, and combinations thereof. 
Thermoplastic as adhesive 

[0086] In some embodiments, a separate ingredient to act as the adhesive is not 
required. The thermoplastic particulate material may be printed on with a fluid in which 
the thermoplastic particulate is at least sparingly soluble. Examples of thermoplastic 
particulate materials that may act as an adhesive include: 



1) 


lacetal polyoxymethylene; 


2) 


polylactide; 


3) 


polyethylene; 


4) 


polypropylene; 


5) 


ethylene vinyl acetate; 


6) 


polyphenylene ether; 


7) 


ethylene-acrylic acid copolymer; 


8) 


polyether block amide; 


9) 


polyvinylidene fluoride; 


10) 


polyetherketone; 


11) 


polybutylene terephthalate; 


12) 


polyethylene terephthalate; 


13) 


polycyclohexylenemethylene terephthalate; 


14) 


polyphenylene sulfide; 


15) 


polythalamide; 


16) 


polymethylmethacrylate; 
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17) polysulfones; 

1 8) polyethersulfones, 

1 9) polyphenylsulfones; 

20) polyacrylonitrile; 

2 1 ) poly(acrylonitrile-butadiene-styrene); 

22) polyamides; 

23) polycondensates of urea-formaldehyde; 

24) polystyrene; 

25) polyolefin; 

26) polyvinyl butyral; 

27) polycarbonate; 

28) polyvinyl chloride; 

29) polyethylene terephthalate; and 

30) cellulosics including ethyl cellulose, hydroxyethyl cellulose, 
hydroxypropyl cellulose, methyl cellulose, cellulose acetate, 
hydroxypropylmethyl cellulose, hydroxybutylmethyl cellulose, 
hydroxyethylmethyl cellulose, ethylhydroxyethyl cellulose, cellulose 
xanthate, 

as well as combinations and copolymers thereof. 
Filler 

[0087] The additional filler of the present invention, other than the thermoplastic 
particulate filler material, is a compound selected for the characteristics of insolubility or 
extremely low solubility in the activating fluid, rapid wetting, low hygroscopicity, and 
high bonding strength. The filler provides mechanical structure to the hardened 
composition. Sparingly soluble filler material is generally advantageous, but insoluble 
filler material may be used. The filler particles become adhesively bonded together 
when the adhesive dries/hardens after the activating fluid has been applied. The filler 
typically includes a distribution of particle grain sizes, ranging from a practical 
maximum diameter of about 100 |im downward, to a practical minimum of about 5 |im. 
Large grain sizes appear to improve the final article quality by forming large pores in the 
powder through which the fluid may migrate rapidly, permitting production of a more 
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homogeneous material Smaller grain sizes serve to reinforce article strength. 
Accordingly, the distribution of grain sizes provides the advantages of both. 

[0088] Compounds suitable for use as the filler of the present invention may be 
selected from various general groups, provided that the solubility, hygroscopicity, 
bonding strength and solution viscosity criteria described above are met. The filler may 
be inorganic, e.g., aluminum oxide, soda-lime glass, borosilicate glass, silica, 
aluminosilicate ceramic, limestone, plaster, bentonite, precipitated sodium silicate, 
amorphous precipitated silica, amorphous precipitated calcium silicate, amorphous 
precipitated magnesium silicate, amorphous precipitated lithium silicate, amorphous 
precipitated silicates containing a combination of two or more of sodium ions, lithium 
ions, magnesium ions, and calcium ions, salt, portland cement, magnesium phosphate 
cement, magnesium oxychloride cement, magnesium oxysulfate cement, zinc phosphate 
cement, zinc oxide - eugenol cement, aluminum hydroxide, magnesium hydroxide, 
calcium phosphate, sand, wollastonite, dolomite, and combinations thereof. 
Alternatively, the filler may be organic, e.g., a carbohydrate like starch, starch 
derivatives, cellulose, maltodextrin, and combinations thereof. In general, the selection 
of the solvent determines which filler may be used. The filler is solid prior to the 
application of the activating fluid, and is selected so that the filler's solubility in the fluid 
is substantially less than the adhesive' s solubility in the fluid. 

[0089] Advantageously, the powder constituents, including the filler, have a high 
absorption capacity and are thereby capable of absorbing and retaining infiltrants. 

Fiber 

[0090] In some embodiments, the particulate mixture may include a reinforcing 
fiber or a reinforcing fibrous component, added to provide structural reinforcement and 
structural integrity to the final article. The particulate material may include a plurality 
of particles of mean diameter of about 10-100 jim. The reinforcing fiber length is 
generally restricted to a length approximately equal to the thickness of the layer of 
particulate mixture. The reinforcing fiber length is typically about 60 \im to about 200 
jam in length, and is included in an amount not greater than about 50%, by weight, of the 
total mixture, preferably not greater than 30%, and more preferably not greater than 
20%. 
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[0091] The reinforcing fiber of the present invention is preferably either insoluble 
or substantially slower dissolving than the adhesive in the fluid which activates the 
adhesive. The reinforcing fiber may be a relatively stiff material chosen to increase the 
mechanical reinforcement and dimensional control of the final article, without making 
the powder too difficult to spread. In order to promote wetting of the reinforcing fibers, 
the chosen fiber advantageously may have a relatively high affinity for the solvent. In 
one embodiment, a fiber length is approximately equal to the layer thickness, which 
provides a substantial degree of mechanical reinforcement. Using longer fibers tends to 
adversely affect the surface finish, and using too much fiber of any length makes 
spreading the powder increasingly difficult. Fibrous material suitable for reinforcing the 
present invention includes, but is not limited to, cellulose, polymeric fiber, ceramic 
fiber, graphite fiber, fiberglass, and combinations thereof. The polymeric fiber may be 
cellulose and cellulose derivatives or substituted or unsubstituted, straight or branched, 
alkyl or alkene monomers containing up to eight carbon atoms. Specific useable fibrous 
materials include, but are not limited to, natural polymers, modified natural polymers, 
synthetic polymers, ceramic, cellulose fiber, silicon carbide fiber, graphite fiber, 
aluminosilicate fiber, polypropylene fiber, fiberglass, polyamide flock, cellulose, rayon, 
polyvinylalcohol, and combinations thereof. 

[0092] In some embodiments, a stabilizing fiber may be added to the filler to 
provide dimensional stability to the final article, as well as to increase slightly the article 
strength. Spreading the particulate mixture with the counter-roller becomes increasingly 
difficult as friction caused by an excess of stabilizing fiber in the mixture increases, 
reducing the packing density. Therefore, limiting both the amount and length of the 
stabilizing fiber increases the packing density of the mixture resulting in finished parts 
of greater strength. In general, the stabilizing fiber is restricted to a length of less than 
about half of the reinforcing fiber, in an amount not greater than 50 percent by weight, 
of the total mixture, preferably not greater than 40 percent by weight, and most 
preferably not greater than about 30 percent by weight. Optimal values may be 
determined with routine experimentation using, for example, a counter-roller. 

[0093] Both the reinforcing fiber and the stabilizing fiber may be cellulose. Some 
of the useful properties of cellulose making it particularly suitable for use in connection 
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with the invention are low toxicity, biodegradability, low cost, and availability in a wide 
variety of lengths. 

[0094] Further considerations in selecting the thermoplastic particulate material, 
adhesive, filler, and fiber depend on the desired properties of the final article. The final 
strength of the finished article depends not insubstantially on the quality of the adhesive 
contacts between the particles of the mixture, and the size of the empty pores that persist 
in the material after the adhesive has hardened; both of these factors vary with the grain 
size of the particulate material. In general, the mean size of the grains of particulate 
material is preferably not larger than the layer thickness. A distribution of grain sizes 
increases the packing density of the particulate material, which in turn increases both 
article strength and dimensional control. 

Processing Aid 

[0095] A processing aid for three-dimensional printing is typically a viscous 
liquid component of the powder material system. It may be a liquid polymer or a 
polymer having a low melting point. Preferably, it is non-aqueous, thereby not reacting 
with water-soluble powder components. By loosely bonding the powder, the processing 
aid keeps the layers from shifting during spreading. The processing aid may also act as 
a wetting agent, attracting the fluid and allowing the fluid to spread rapidly. Further, the 
processing aid may reduce dust formation. Examples of materials that may be used as 
processing aids include polyethylene glycol, polypropylene glycol (PPG), sorbitan 
monolaurate, sorbitan monooleate, sorbitan trioleate, polysorbate, poly (ethylene oxide) 
modified silicone, poly (propylene oxide) modified silicone, secondary ethoxylated 
alcohols, ethoxylated nonylphenols, ethoxylated octylphenols, Cg - Cio alcohols, Cg - Cio 
acids, polyethylene oxide modified acetylenic diols, citronellol, ethoxylated silicones, 
ethylene glycol octanoate, ethylene glycol decanoate, ethoxylated derivatives of 2,4,7,9- 
tetramethyl-5-decyne-4,7-diol, polyoxyethylene sorbitan mono-oleate, soybean oil, 
mineral oil, fluroalkyl polyoxyethylene polymers, glycerol triacetate, oleyl alcohol, oleic 
acid, squalene, squalane, essential oils, esters, terpenes, greases, waxes, propylene 
glycol, ethylene glycol, Cg - Cio esters of mono-, di-, or triglycerides, fatty acids, 
ethoxylated fatty acids, lecithin, modified lecithins, glycerol tributyrate, sodium stearoyl 
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lactylate, diacetyl tartaric esters of mono- and di-glycerides, corn syrup, and 
combinations thereof. 
Activating Fluid 

[0096] The fluid of the present invention is selected to comport with the degree of 
solubility required for the various particulate components of the mixture, as described 
above. Relatively low solution viscosity ensures that once the adhesive is dissolved in 
the activating fluid, the fluid migrates quickly to sites in the powder bed to adhesively 
bond together the thermoplastic filler and reinforcing materials. The fluid may be 
aqueous or non-aqueous. An aqueous fluid contains preferably 25% or more water, more 
preferably 40% or more water, and most preferably 50% or more water. A non-aqueous 
fluid contains less than 25% water by weight, more preferably less than 10% by weight, 
and most preferably less than 1% water by weight. 

First solvent 

[0097] The fluid may include a first solvent having a first boiling point in which 
the adhesive is active, preferably soluble. The first solvent may be adapted to activate the 
adhesive by dissolving the adhesive particulate material and to assist the dissolution of 
the fluid. The first solvent may be a non-aqueous material, ethanol, isopropanol, n- 
propanol, methanol, n-butanol, a glycol, an ester, a glycol-ether, a ketone, an aromatic, an 
aliphatic, an aprotic polar solvent, a terpene, an acrylate, a methacrylate, a vinylether, an 
oxetane, an epoxy, a low molecular weight polymer, carbonate, n-methylpyrrolidone, 
acetone, methyl ethyl ketone, dibasic esters, ethyl acetate, dimethyl sulfoxide, dimethyl 
succinate, and combinations thereof. Examples of suitable solvents with high boiling 
points suitable for dissolving certain thermoplastic materials, resulting in the 
thermoplastic particles adhering together as the solvent dissolves, are: 

1) N-methyl pyrrolidone, acetone, methyl ethyl ketone, dibasic esters, and ethyl 
acetate may be used to dissolve polymethylmethacrylate; 

2) Dimethyl sulfoxide and n-methyl pyrrolidone and acetone may be used to 
dissolve polysulfone, polyethersulfone, and polyphenylsulfone ; and 

3) Dimethyl sulfoxide and n-methyl pyrrolidone and acetone may be used to 
dissolve polyacrylonitrile. 
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Second solvent (humectant) 

[0098] A second solvent (humectant) having a second boiling point that may be 
higher than the first boiling point may be included in the fluid to retard evaporation of 
the fluid from the printed material, and to prevent drying/clogging of the printhead 
delivery system. The second solvent may be water-miscible and may include, for 
example, butyrolactone, glycerol carbonate, propylene carbonate, ethylene carbonate, 
dimethyl succinate, dimethyl sulfoxide, n-methyl pyrrolidone, glycerol, 1,4-butanediol, 
polyethylene glycol, diethylene glycol butyl ether, ethylene glycol, diethylene glycol, 
propylene glycol, polypropylene glycol, polyethylene glycol ethers, polypropylene 
glycol ethers, tetraethyleneglycol ethers, butylene carbonate, pentanediol, hexanediol, 
and combinations thereof 

Surfactant 

[0099] A surfactant may be added to the fluid to reduce its surface 

tension, thereby assisting it in slipping through the jets of the printhead. The surfactant 
may be, for example, polyethylene oxide modified acetylenic diols, secondary 
ethoxylated alcohols, ethoxylated nonylphenols, ethoxylated silicones, ethoxylated 
fluorinated surfactants, tetramethyldecynediol, ethoxylated tetramethyldecynediol, 
ethoxylated tetramethyldodecynediol, polyethermodified polysiloxanes, ethoxylated 
sorbitan monolaurate, octyl phenoxypolyethoxy-polypropoxy-propanol, sulfonated fatty 
acids, zwitterionic betaines, sodium di-octyl sulfosuccinate, dimethyl 
dodecylammoniopropane sulfonate, sodium lauryl sulfate, sodium lauryl benzene 
sulfonate, sodium p-toluene sulfonate, sodium benzoate, sodium benzene sulfonate, 
potassium sorbate, sodium 2-ethylhexyl sulfonate, and combinations thereof. 

Rheology modifier 

[0100] A rheology modifier may be added to the fluid to increase viscosity, 
thereby increasing the efficiency of the printhead and aiding printing. Examples of 
possible rheology modifiers include polyvinylpyrrolidone, polyacrylamide, polyethylene 
oxide, hydrophobe modified ethoxy urethanes, polyvinyl alcohol, polyacrylic acid, 
polymethacrylic acid, alkali and ammonium salts of polyacrylic acid, alkali and 
ammonium salts of polymethacrylic acid, polyvinylpyrrolidone-co -vinyl acetate, 
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butylated polyvinylpyrrolidone, polyvinylalcohol-co-vinyl acetate, and polyacrylic acid- 
co-maleic anhydride, sulfonated polystyrene, and combinations and copolymers thereof. 
Amines 

[0101] Amines may be added to the fluid to assist in the dissolution of water- 
miscible adhesives, such as water-soluble resins. Examples of suitable amines include 
monoisopropanol amine, triethylamine, 2-amino-2-methyl- 1 -propanol, l-amino-2- 
propanol, 2-dimethylamino-2-methyl-l -propanol, N,N-diethylethanolamine, N- 
methyldiethanolamine, N,N-dimethylethanolamine, triethanolamine, 2-aminoethanol, 1- 
[bis[3-(dimethylamino)propyl]amino]-2-propanol, 3-amino-l -propanol, 2-(2- 
aminoethylamino)ethanol, tris(hydroxymethyl)aminomethane, 2-amino-2-ethyl-l ,3- 
propanediol, 2-amino-2-methyl- 1,3 -propanediol, diethanolamine, 1,3- 
bis(dimethylamino)-2-propanol, ammonium hydroxide, monoethanolamine, 
aminomethylpropanol, aminoethylethanolamine, triisopropanolamine, 
polyoxypropylenetriamine, polyethylenimine, and combinations thereof. 

Fluid for activating sparingly soluble thermoplastic particulate material 

[0102] Some activating fluids are suitable for activating the adhesive properties of 
at least a sparingly soluble thermoplastic particulate material. Such an activating fluid 
softens the surface of the solid particulates, thereby enabling them to be self-adhesive. 
These fluids are typically non-aqueous, non-halogenated fluids like alcohols, glycols, 
esters, glycol-ethers, ketones, aromatics, aliphatics, aprotic-polar solvents, terpenes, 
acrylates, methacrylates, vinylethers, oxetanes, epoxies, low molecular weight polymers, 
carbonates, and combinations thereof. Some activating fluids that are solvents for the 
thermoplastic particulate material may be, after dissolving the thermoplastic material, 
solidified by exposure to ultraviolet light, visible light, heat, or an electron beam, and 
combinations thereof. 

[0103] The alcohol may include at least one of the following materials: 
methanol, ethanol, n-propanol, i-propanol, n-butanol and combinations thereof. The 
glycol may include at least one of the following materials: ethylene glycol, diethylene 
glycol, propylene glycol, polyethyleneglycol, butanediol, pentanediol, hexanediol and 
combinations thereof. 
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[0104] The ester may include at least one of the following materials: ethyl 
acetate, propyleneglycol methylether acetate, amyl acetate, dimethylsuccinate, dimethyl 
glutarate, dimethyl adipate, diethylene glycol monobutyl ether acetate, n-propyl acetate, 
i-propyl acetate, i-butyl acetate, n-butyl acetate, t-butyl acetate, 2-ethylhexyl acetate, 
ethylene glycol diacetate, diethyl succinate, methyl lactate, ethyl lactate, dimethyl 
tartrate, diethyl tartrate and combinations thereof. The glycol-ether may include at least 
one of the following materials: dipropylene glycol methyl ether, diethylene glycol butyl 
ether, diethylene glycol monoethyl ether, propylene glycol methyl ether, ethylene glycol 
propyl ether and combinations thereof. 

[0105] The ketone may include at least one of the following materials: acetone, 
methylethylketone, methylisobutylketone, methyl isopropyl ketone, methyl n-propyl 
ketone, methyl isoamyl ketone, methyl n-amyl ketone, diisobutyl ketone and 
combinations thereof The aromatic may include at least one of the following materials: 
toluene, xylene, phenol, benzene, styrene, high flash aromatic naptha and combinations 
thereof. 

[0106] The aliphatic may include at least one of the following materials: hexane, 
heptane, cyclohexane and combinations thereof. The aprotic polar solvent may include 
at least one of the following materials: n-methylpyrrolidone, dimethylsulfoxide, 2- 
pyrrolidone, butyrolactone and combinations thereof. The terpene may include 
limonene. 

[0107] The acrylate may include at least one of the following materials: 
alkoxylated difunctional acrylate, 2-phenoxyethyl acrylate, tetrahydrofurfuryl acrylate, 
2(2 ethoxyethoxy)ethyl acrylate, hexanediol diacrylate, propoxylated neopentyl glycol 
diacrylate, lauryl acrylate, isodecyl acrylate, tridecyl acrylate, isobornyl acrylate, 
tripropylene glycol diacrylate, stearyl acrylate, allyl acrylate, isooctylacrylate, 
caprolactone acrylate, alkoxylated tetrahydrofurfuryl acrylate, butanediol diacrylate, 1 ,3- 
butyleneglycol diacrylate, diethylene glycol diacrylate, polyethylene glycol diacrylate, 
alkoxylated hexanediol diacrylate, alkoxylated cyclohexane dimethanol diacrylate, 
cyclohexane dimethanol diacrylate, dipropylene glycol diacrylate, ethoxylated bisphenol 
A diacrylate, neopentyl glycol diacrylate, alkoxylated aliphatic diacrylate, 
trimethylpropane triacrylate, tris (2-hydroxy ethyl) isocyanurate triacrylate, ethoxylated 



33 



trimethyl propane triacrylate, propoxylated trimethyl propane triacrylate, propoxylated 
glyceryl triacrylate, pentaerythritol tetraacrylate, pentaerythritol triacrylate, di- 
trimethylpropane tetraacrylate, dipentaerythritol pentaacrylate, ethoxylated 
pentaerythritol tetraacrylate, alkoxylated nonyl phenol acrylate, and combinations 
thereof. 

[0108] The methacrylate may include at least one of the following materials: 2- 
phenoxyethyl methacrylate, tetrahydrofurfiiryl methacrylate, hexanediol dimethacrylate, 
lauryl methacrylate, isodecyl methacrylate, tridecyl methacrylate, isobornyl 
methacrylate, propylene glycol monomethacrylate, stearyl methacrylate, allyl 
methacrylate, isooctylmethacrylate, butanediol dimethacrylate, 1,3-butyleneglycol 
dimethacrylate, ethylene glycol dimethacrylate, diethylene glycol dimethacrylate, 
triethylene glycol dimethacrylate, tetraethylene glycol dimethacrylate, polyethylene 
glycol dimethacrylate, cyclohexane dimethanol dimethacrylate, dipropylene glycol 
dimethacrylate, ethoxylated bisphenol A dimethacrylate, neopentyl glycol 
dimethacrylate, trimethylpropane trimethacrylate, methoxy polyethylene glycol 
methacrylate, alkoxylated nonyl phenol methacrylate, ethoxylated hydroxyethyl 
methacrylate, allyl methacrylate, propoxylated allyl methacrylate, and combinations 
thereof. 

[0109] The vinyl ether may include at least one of the following materials: 
hydroxylbutyl vinyl ether, triethyleneglycol divinylether, cyclohexanedimethanol 
divinylether, propenylether of propylene carbonate, dodecylvinylether, 
cyclohexanemethanol monovinylether, cyclohexyl vinyl ether, diethyleneglycol 
divinylether, 2-ethylhexylvinylether, dipropyleneglycol divinylether, tripropyleneglycol 
divinyl ether, hexanediol divinyl ether, octadecylvinylether, butanediol divinyl ether, 
bis[4-(vinyloxy)butyl] isophthalate, bis[4-(vinyloxy)butyl] adipate, and combinations 
thereof. 

[0110] The oxetane may include at least one of the following materials: 3-ethyl- 
3-hydroxymethyl-oxetane, l,4-bis[(3-ethyl-3-oxetanyl methoxy)methyl]benzene, and 
combinations thereof. The epoxy may include at least one of the following materials: 
3 ,4-epoxycyclohexylmethyl-3 ,4-epoxycyclohexane carboxylate, bis-(3 ,4- 
epoxycyclohexyl) adipate, limonene monoxide, 1,2-epoxyhexadecane, and combinations 
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thereof. The low molecular weight polymer may include polyethyleneimine. The 
carbonate may include ethylene carbonate, propylene carbonate, butylene carbonate, 
glycerol carbonate, and combinations thereof. 

[0111] Some of these activating fluids are reactive monomers that act as solvents 
for the thermoplastic particulate material. In a first step, the activating fluids may 
dissolve the thermoplastic material and penetrate into the thermoplastic material. This 
behavior is facilitated by selecting activating fluids containing monomers with Hansen 
solubility parameters that match the Hansen solubility parameters of thermoplastic 
particulate materials. Hansen solubility parameters are quantitative values that describe 
the solvency behavior of fluids and the solubility characteristics of thermoplastic 
materials. The monomers of the activiating fluid may be further solidified in a second 
step by a free radical initiated mechanism, a cationic initiation mechanism, or 
combinations thereof. Fluids like acrylates, methacrylates, vinylethers, oxetanes, 
epoxies and combinations thereof are typical reactive monomers that can also act as 
solvents. Examples of monomers that act as solvents suitable for dissolving certain 
thermoplastic materials and penetrating into the thermoplastic particle resulting in the 
thermoplastic particles adhering together as the solvent dissolves are: 

1) Hexane diol diacrylate - may dissolve polycarbonate, polystyrene and 
polyethyleneterathalate. 

2) Hexanediol divinyl ether - may dissolve polystyrene. 

3) Diglycidyl ether of bisphenol A - may dissolve polysulfone or 
polyethersulfone. 

After the monomer dissolves and penetrates the thermoplastic particulate material, it may 
then be solidified by a free radical initiation (in the case of monomers belonging to the 
acrylate, methacrylate, or vinyl families), or by a cationic initiation (in the case of 
monomers belonging to the epoxide and oxetane families). The vinyl ether family of 
monomers may solidified by either free radical or cationic initiation. The solidification 
of the monomers penetrated into the thermoplastic particulate material creates an 
interpenetrating polymer network (IPN). An IPN is defined as two or more constituent 
polymer networks that are polymerized and/or crosslinked in the immediate presence of 
one another. Preferably, such a polymeric system includes two or more network 
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polymers that interpenetrate each other to some extent and that are not chemically bound 
but are con-catenated such that they cannot be separated unless chemical bonds are 
broken. The formation of an IPN between the thermoplastic particulate material and 
polymerized monomer enables better adhesion and provides increased toughness of the 
final article. 

[0112] A summary of one group of preferred materials for a particulate mixture 
containing both a thermoplastic material and an adhesive and for the activating fluid is 
given in Table 1. Summaries of two examples of preferred materials for a thermoplastic 
material that is adapted to bond together when contacted with an activating fluid and for 
the activating fluid are given in Table 2. 
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TABLE 1 



Ingredient 


Preferred Compound 


Acceptable 


Preferred 


Particle Size 






Composition 


Composition 


Range (|im) 






Range (weight 


(weight %) 








%) 






Particulate Mixture 


Thermoplastic 


polymethylmethacrylate 


50 - 100% 


74.4 


10-100 


Adhesive 


octalacrylamide/acrylate/ 
butylaminoethyl 
methacrylate copolymer 


0 - 30% 


15 


10-100 


Filler 


Aluminum oxide 


0 - 20% 


10 


5-100 


Processing aid 


Sorbitan trioleate 
paraffin 


0 - 2% 


0.07 
0.03 




Fiber 

-reinforcing 
-stabilizing 


polyamide flock 


0 - 5% 


0.5 


50-180 


Fluid 


Water 


water 


50-80% 


77.9 




First solvent 


ethanol 


0 - 25% 


16 




Second solvent 


dimethylsulfoxide 


0 - 25% 


1 




Surfactant 


2,4,7,9-tetramethyl-5- 

decyne-4,7-diol 

ethoxylate 


0 - 2% 


0.1 




Rheology 
modifier 


polyvinylpyrrolidone 


0 - 5% 


0.5% 




Amine 


monoisopropanolamine 


0-15% 


5% 
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TABLE 2 



Ingredient 


Preferred Compound 


Acceptable 
Composition 
Range (weight 

%) 


Preferred 
Composition 
(weight %) 


Particle Size 
Range (^m) 


EXAMPLE 1 
Particulate Mixture 


Thermoplastic 


polymethylmethacrylate 


50- 100% 


88.9 


10-100 


Filler 


aluminum oxide 


0 - 20% 


10 


5-100 


Processing aid 


sorbitan trioleate 
paraffin 


0 - 2% 


0.07 
0.03 




Fiber 

-reinforcing 
-stabilizing 


polyamide flock 


0 - 5% 


1.0 


50-180 


Fluid 


First solvent 


dimethyl succinate 


100% 


100% 






EXAMPLE 2 
Particulate Mixture 


Thermoplastic 


polyvinyl butryal 


50 - 100% 


98.9 


10-100 


Processing aid 


sorbitan trioleate 
paraffin 


0 - 2% 


0.07 
0.03 




Fiber 

-reinforcing 
-stabilizing 


polyamide flock 


0-5% 


1.0 


50-180 


Fluid 


First solvent 


methanol 


100% 


100% 
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TABLE 2 (cont'd) 



Ingredient 


Preferred Compound 


Acceptable 


Preferred 


Particle Size 






Composition 


Comnosition 


Ranee ( um) 

i\|4iibV I Mill 1 






Range (weight 


(weight %) 








%) 








EXAMPLE 3 








Particulate Mixture 






Thermoplastic 


polyamide 12 


20 - 50% 


30% 


10-100 


Inorganic 
adhesive 


plaster 


50 - 80% 


65% 


5-100 


Organic 
adhesive 


maltodextrin 


0-10% 


5% 


10 - 100 


Fluid 


First solvent 


water 


80-100% 


94.9% 




Second solvent 


glycerol 


0-10% 


5% 




Surfactant 


2,4,7,9-tetramethyl-5- 

decyne-4,7-diol 

ethoxylate 


0-1% 


0.1% 





Flowrate Enhancer 

[0113] The fluid may include a processing aid such as a flowrate enhancer. The 
flowrate enhancer may have some humectant properties, but serves mainly to alter the 
hydrodynamic properties or wetting characteristics of the fluid to maximize the volume 
of fluid delivered by the printhead. Flowrate enhancement is thought to be a viscoelastic 
phenomena increasing the flow rate of the fluid, allowing thicker layers to be printed, 
thus allowing the final article to be built more quickly. Preferred compounds that 
increase the flowrate of the fluid, either by reducing friction between the fluid and the 
walls of the jet, or by reducing the viscosity of the fluid, include ethylene glycol 
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diacetate, potassium sorbate, and potassium aluminum sulfate. Other suitable 
compounds for use as the flowrate enhancer can be selected from the following non- 
limiting list: isopropyl alcohol, ethylene glycol monobutyl ether, diethylene glycol 
monobutyl ether, dodecyl dimethylammoniopropane sulfonate, glycerol triacetate, ethyl 
acetoacetate, and water-soluble polymers including polyvinyl pyrrolidone with a 
molecular weight of about 30,000 units, polyethylene glycol, polyacrylic acid, and 
sodium polyacrylate. For the ionic polymers, such as sodium polyacrylate, the increase 
in flow rate varies with pH. 
Dyes and Pigments 

[0114] The fluid of the present invention preferably includes a dye or pigment to 
provide a visual aid to the operator while building the article. The dye or pigment 
provides contrast between activated and unactivated powder which allows the operator 
to monitor the printed layers while building the article. The dye or pigment can be 
selected from the group including, but not limited to, naphthol blue black, direct red, and 
dispersions of anionically surface-modified organic pigments like copper phthalocyanine 
and carbon black. Numerous other dyes and pigments compatible with the fluid will be 
known to those skilled in the art. 

[0115] The materials and method of the present invention present numerous 
advantages over prior three-dimensional printing methods. The materials used in the 
present invention are inexpensive, and allow the production of strong, thin-walled 
articles having exceptional surface finishes. Further, the activating fluid may contain a 
component having a high boiling point that prevents the jets of the printhead from 
drying out prematurely. 

[0116] The equipment used in the method of the present invention is reliable, 
inexpensive, and easy to maintain, making it ideal for use in an office environment. The 
materials used in the present invention are highly compatible with ink-jet technology. 
Thus, less equipment maintenance is required, and the reliability of the equipment is 
increased. Therefore, the method of the present invention involves shorter build times 
and less labor than prior art methods. 

[0117] Those skilled in the art will readily appreciate that all parameters listed 
herein are meant to be exemplary and actual parameters depend upon the specific 
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application for which the methods and materials of the present invention are used. It is, 
therefore, to be understood that the foregoing embodiments are presented by way of 
example only and that, within the scope of the appended claims and equivalents thereto, 
the invention may be practiced otherwise than as specifically described. 
[0118] What is claimed is: 



41 



